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Abstract,

This paper presents the developmentof an algor ithm to retrieve the canopy

water content of natural grassiands andpasturcfromsynthetic aperture radar (SAR)
measurements. The developmentof this algorithm involves threeinter elated steps: (1)
calibration of’ SAR data for ground topographic variations, (2)development and validation
of backscatter modelfor grass canopies, and(3) cslinmli(n} pf canopy water content by
inverting abackscattered model fot cross-polm ized ratio. The polarimetric radar data
acquired by the Jet Propulsion Laboratory Al RSARgystem during the 1989 First
international Satellite Land Surface Climatology Project (1S1 .SCP)Field Experiment
(FIFL) arc used for this study. The SAR data have been calibrated and corrected for the
topographical eflects by using the digital elevation map of the study area The
backscattering cocflicients obtained fromthe SAR data forcach pixel are related to the
canopy and soil parameters by emplovine adisci ete random media modcl for vegetation.
1 e model simulations indicate” that biomass var iations and S urface treatments (bur ned
and unburned) of grass canopies affect the ('-band backscatter signal but dots not
influcnce the 1.-band signal. This model is then validated and “dusted over training a1cas
where ground measurements were collected. Airinversion technique is proposed to
estimate the canopy water content by using the cross-polarizedand copolarized ratios of
the SAR data at C band. Theresult of the inversion algorithm shows a good agreement
with the grass biomass data collected during ¥11'1< 1989 intensive field campaign.

1. Introduction

The main objective of the International Satellite 1.and Sur-
face Climatology Project (ISL.SCP) is to understand the role of
biology in controlling the intcractions betweenthe atmosphere
and the vegetated land surface and to investigatc the use of
remote Sensing techniquesto infer climatologi(‘u]]ysigniﬁcam
land surface parameters [Sellerset al., 1992]- Among the
Farth's ecosystems, grasslands. covering almost17% of the
kind surface and 30% of the United States land, are considered
auimportant vegetation type inclimate studic s{Ajiay et al.,
977). The First ISLSCP Field Experiment (F1FE:) was con-
ducted over grasslandsinthe Konza Prairie research natural
area. Monitoring the moisture status and the amountof veg-
clation over this area wasone the primary objectives of the
experiment. During the experiment, direct mecasurements of
surface parameters were localized in small areas which can
introduce errors, when the parameters arc used in models
appropriate forlargescales (e.g., mesoscale and general circu-
lation model grid size). This is mainly due to the factthat the
vitimation of these variables for large areas is highly depen-
dent on their space and time variability which in turnis ducto
variations insurface attributes, disturbances, and environmen-
tal conditions. Remote sensing methods can provide useful
means to monitor surface parameters and to deliver useful
information on various scales.
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As partof remote sensing activities during FIFE - hicrowave
sensors (radar and radiometer) were deployed with the prom-
isc of mapping soil moisture andcanopy biomass over the
entire study area. Thesc parameters are of fundamental im-

through evapotranspirationand photosynthesis. microwave re-
mote sensing have demonstratedstrong sensitivity to the sur-
facc moisture because the primary physical properties that
afleet the microwave measurements is directly dependent on
thcamount Of water. However, this sensitivity is contaminated
by other surface features such as type and architecture of
vegetation, surface roughness,and phonological developments.

One of thechallenging problems in microwave remote sens-
ing for monitoring and/or extracting, " fOrmation isto decon-
volve the effects of soil and vegetation in the measured data.
For moderately vegetated land surfaces such as agricultural
ficlds or natural pasture, the accuracy of the soil moisture
estimation decreases due to the sensitivity of microwave signas
to canopy water content and structural characteristics [Ulaby et
al.,1986; Schmugge et al., 1988].Studics over grasslands have
shownthat microwave measurements also vary as a function of
the surface treatments (burncdand unburned) [Wang et al.,
1990; Martin et al., 1989].

In this paper we present a method for separating the effect
of soil moisture and canopy water content in the polarimetric
SAR (synthetic aperture radar) data over the Konza Prairie
grasslands and estimating the canopy water content over the
entire study area. Our approach involves three steps: (1) de-
velopment of a backscatter model to simulate the polarimetric
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SAR data, (2) validation of the model toinsurcthatthe pre-
dicted backscattering coeflicients fromthe model agice with
the measured values, and (3) development of an’ inversion
algorithm by morning the measured and predictedbackscatter
from the canopy arc equal. The content of this paperis orga-
nized as follows: In section 2 the Al RSAR experiment and the
characteristic of the study area arc discussed. Section 3 con-
centrates on the correction of the SAR data for topogtaphical
effects by using the digital elevation map (IDEEM)of the study
area. in section 4 a polarimetric backscatter model for grass
canopics is developed and the model simulations arc validated
by using SAR backscatter data. The propertics of the back-
scatter model arc then used to separate the soil and vegetation
effects and to develop an inversion algorithm for estimating
canopy water content in section 5. The accuracy and limitations
of the algorithm arc analyzed by using the ground measurc -
ments obtained from FIFL intensive field campaigns.

2,Experiment
Site Description

The FIFE, experimental site is a 15 km X 15 km area located
within the Konza Prairie Long-Term Feological Research
(I.TER) site, 8km south of Manhattan, Kansas (39°9'N,
96°40'W). This location was mainly chosen for its grasslands,
moderate topography, strong scasonal climate forcing, and
proximity to a research organization for logistical support [Sell-
ers € d., 1992]. The average annua precipitationin the area is
835 mm. The site is a dissected plateau, with level uplands, and
steep drainage zones. The vegetation of the KonzaPrairie is
dominated by C4 grasses and shrubs. The usualtreatments
include grazing and burning with various annual rotations,

in uvnburned areas, there is a gradual buildup of littcr o1
dead vegetation inside the grass canopy. After several years the
dead vegetation transforms into a detritus or peaty material
and forms a thatch layer over the soil surface. During rainfalls
this layer accumulates water and acts as a good absorber in
microwave frequency [Schmugge et al., 1988]. In burned areas
the fires with varying frequency have an impact on the grass
prairie biota by removing the accumulation of the dead plant
material and exposing the soil surface. The burned and un -
burned grass canopies are treated differently in hydiological
models because the existence of thatch underlying the grass
causes significant biophysical control over the entire area by
reducing the soil evaporation and sensible heat exchange be-
tween the top grass layer and the boundary layer. The study
area has been further dratified into 14 different strata burned
and unburned prairie on different topographical positions,
cropland, anti woodcct aress. In classifying the site, it was found
that topography plays an important role in defining the land
cover, drainage, and runofl areas [Davis et al., 1992].

AIRSAR Measurements

‘i"he main objective of the AIRSAR measurements over the
Konza Prairie grassands was to study the feasibility of using
active microwave backscattering measurements to monitor the
surface soil and vegetation moisture variations. The SAR data
were acquired over the FIFE study area during the intensive
field campaigns, There were SAR flights over the site during
the summers of 1985 (pre-FIFE experiment), 1988, and 1989.
In this Study wc have concentrated on the data from the 1989
intensive field campaign (IFC 5). The AIRSAR system is
aboard the NASA DC-8and operates at three frequencics (P,
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Table 1. Characteristics of' the 77 AIRSAR System

AITRSAR Parameters Value

0.44,1.23. and 5.3GHz

Frequency (27, L, and Cbands)
HILHV, WI, Vv

Polarization

Swath width 8.5 km
Incidence angle across swith 15°-60°
Range pixclsize 6.6 m
Azimuth pixel size 12.2m
Number of range samples 1?so0
Number of azimuth samples 1024
Nominal altitude 8 km

Platform NASA DC-8

JPL. et repulsion 1aboratory; SAR, synthetic apes t ureradar,

1., and Cbands). The characteristics of the system and the
resolution of SAR images are given in ?able 1.

The AIRSAR data have been processed and calibrated using
calibration constants derived from SAR flights over a calibra-
tion test site in California. The image is averaged over 16 looks
in order to reduce the speckle and is given in a frame of 1024
pixels by 1280 lines which covers an area of 8.5 km X 12.5 km
[van 73! et al.,1992). Figure 1 shows the FI1FE study area and
the ATIRSAR flight lines. The image quality of the Jet Propul-
sion Laboratory AIRSAR system has been improved since the
time of experiment. The new 16 look processing proccdurc,
calibration techniques, anti enhancement of the frame size arc
among the factors that have contributed to the improvement of
the AIRSAR images. In Plate 1 a color composite of the
Al RSAR image over the FIFE:study area is shown. The as-
signed colors arc red for 1.-HH (1. band. transmit horizontally
and receive horizontally), green for C-HV (Cband, transmit
horizontally and receive vertically), anti blue for ~-~111 (C
band, transmit horizontally and receive horizontally). Theim-
age clearly illustrates the sensitivity of the 1.-band and C-band
channels of the SAR data to various vegetation treatments
(burned and grazed) and soil moisture conditions. Further-
more, thie drainage channels and areas with woody vegetation
and agricultura fields can be identified with brighter returns in
al channels.

3. Topographic Correction

The tonal change of the SAR images is relatedto the com-
bincd eflect of the radar gcometry, terrain features, and the
terrain topography. In areas of high relief where large varia
tions of the surface slope and aspect exist, the loca incidence
angle calculaion becomes erroneous and may have confound-
ing effects on the interpretation and quantitative analysis of the
SAR data. in particular, in the majority of the model simula-
tions of the SAR data over vegetated areas the underlying
ground surface is treated as flat (i.e., horizontal). Therefore
the correction of the SAR data for tilted surfaces becomes
important for mode! validation and parameter estimation {van
Zyl et al. 1993; Hinse et al., 1988]. The effect of topography on
the SAR data can be described in terms of changes in the local
incidence angle which in turn transates into changes of sam-
pling scattering area and antenna pattern distortion.

During the AIRSAR data calibration a flat Farth assump-
tion is used to calculate the radar look angle. This assumption
causes errors in the radiornetric caibration of the SAR.For
small relief areas and large radar look angles (greater than
20°), the calibration errors duc to the flat Earth assumption
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can beignored. The flat Earth assumption can also alter the
antenna pattern removal during the processing and radiomet-
ric calibration, In this case, topographical changes onthe Earth
surface can cause large errors in the near-range angles of the
3AR image because the antenna pattern pointing is alsoa
function of the incidence angle. When the topographical
changes on the surface withinthe radar swath becomes a sig-
nificant fraction of the radar platform (aircraft) altitude, the
look angle variations within the antenna beam can become
significant. The results of the calibration study conducted by
van Zyl et al. [1993] shows that the topography can cause large
errors in the near range and small errors in the far range. In
the FIFE experiment, because of the small relief of the testsite

Figure 1. Geographica location of the FIFE study area and the DC-8 flight lines during the 1989 intensive

(total local relief is approximately 200 m), the effect of topog-
raphy on the antenna pattern removal for the off nadir inci-
dence angles can be ignored. Because of these errors and the
fact that the test gite falls in the middle of the AIRSAR image
(30°-550 incidence angles), the near-range pixels of the images
are not considered in the further SAR data analysis. In this
study, the only topographical correction performed on the
SAR data is the remova of the effect of the local incidence
angle variations on the calibrated backscatter signal. For this
correction we usc the digital elevation map (IDEM) of the study
area.

The DEM was produced by the U.S. Army Corps of Engi-
neers with 10 m horizontal resolution and then resampled to 30
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Figure 2a. Digital elevation map (ID EM) of the Konza Prairic study area and the tic pointsused to

coregister DEM with the AIRSAR image. The map covers an area of 15km X 15 km with 30-mresolution.
The reference plane is 300 m above sealevel anti the highest elevation is 507 m above sea level.

m by local averaging to smooth the high-frequency errors
[Davis et d., 1992]. To correct the effect of the topography,
first,the images are transformed to ground range which re -
itowves the distortions inthe near range, ‘J'hen, the digital
elevation map provided over the FIFE study area is supcrim-
posed on SAR images using tic points to compensate for the
difference between the IDEM pixd size (30 m) and the SAR
image (6 X 12m). I'hen, the coregistered DE M information,
which is resampledin SAR pixelsize, is used to calculatethe
localincidence angle for each pixel of the SAR data. Figures 2a
and 2b show the DEM and tbc SAR images and the tie points
used to coregister the two images.

Thelocalincidence angle is calculated by taking into ac-
count the radar platform geometry (altitude and attitude).
Working with the coregistered image, which representsthe
DEM grid overlaid on the SAR image, we calculate the normal
to the plane of the grid. This is done by first assuminga planc
which is formed by three points surrounding the pixelunder
Consideratio ,and calculating the vector N normalto this plane
(Figure 3). The loca incidence angle is calculated by forming
the dot product of the range vector R and the vector N.1 hc
following expression describes th,relation between the cosine

of the local incidence angle and the radar geometry and the!
surface elevation

R-N

" IR|IN] )

cos 8,
where 0, is the local incidence angle, |R| is the range distance
to the pixel, and |N{ = 1. Note that the choice of the points to
form the vector N will not influence the computation of the
local incidence angle because of the resolution of the DEM
and the fact that the local topography varies smoothly from
pixel to pixel.

The der ived local incidence angle variations over the test site
arc used to form animage with the same resolution as the
AIRSAR image. This image is then usedto correct the scat-
tering area by assuming a plane wave illumination of the sur-
face area, as illustrated in Figure 4, The SAR images arc
consequently corrected by using the following simple correc-
tion agorithm:

, Sin 0,

[¢
srn 6,

0 _
Oeor =

o)
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Figure 2b. C-band cross-polarized (I 1V) image acquired by AIRSAR over FIFE study area and the tit!
points used to coregister with DEM. The numbering of the tic points correspond to the points on D EM

(Figure 23).

where 0, is the radar look angle for the flat Farth assumption,
derived from the original SAR image. The scattering area
correction discussed here agr ees with the procedure devised by
van Zyl [1993] for the topographical calibration of SAR im-
ages.
~here are other algorithms that can be employed when cor-
recting the SAR data for topog: aphic effects (Zeillet et al.,
1985]. In developing these agorithms, various models for the
radar backscatter variations with respect to theincidence angle
arc assumed. These models vary depending on the surface
features (vegetation and roughness condition). Therefore the
performance of each algorithm is atso a function of the land
usc. in the simple technique employed here no specific model
is assumed for the radar backscatter; therefore the cot rection
applies uniformly over all types of land use.T'o show the effect
of this correction on the data, the diffcrence of the corrccted
and original HH backscattering coeflicient at 1, band and along

an arbitrary range line is plotted in Figure 5. Theerror due to
the local incidence angle variations canexceed 2 dB depending
on the tilt angle of the surface. The correction for topography
eftects therefore proves to be important when the backscatter
data are used for parameter estimation.

4 . Backscatter Modcl
Model Description and Results

The backscatter model for the grass canopy is illustrated in
Figure 6. The canopy is modeled as a layer of discrete random
media, consisting of grass and thatch, over a homogeneous
ground plane with a rough interface. The grass blades arc
modeled as thin dielectric disks of elongated elliptical cross
section. The thatch usually consists of water mixed with dead
vegetation. The dead vegetation, having very low water content
and, conscquently, very small dielectric constant, is not in-
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Figure 3. Tilted scattering area from the SAR image gt id 5 = ——— T
caused by variations in surface elevation. FIFE 89
4-
3=
eluded in the model component. The water inside the thatch %? _
la:- T under wet conditions can be approximated by acollection =7 2-
of water droplets of thin disk shape [Saatchi et al.,1994). The E g -
underlying soilis assumedto be a homogencous dielectric half & .
space. The soil boundary is considered as random rough sur- 8 01— > * v G & * )
£ O Yot
face with Gaussian correlation function which is defined by rins E S1- ©
height and correlation length. A small perturbation method 8
(SPM) is used to approximate tbc backscattering from the soil % -2
rough surface [Ulaby et al., 1982]. The canopy model aso 3]
includes an orientation distribution of grass blades suitable for )
gi1Scanopies [Saatchiet al., 1994]. This allows one to account - 14 b
for the variations in the canopy structure which takes place as ]. -
<s or - 5h———1 !
grass grows. In a similar study, a two-layer model was used to
show the absorptive properties of the thatch layer and its effect 20 30 40 50 60 70

On the backscatter and emission from tbc canopy as the] water
content of the thatch layer changes [Saatchi et al.,1994] 1icre ] . ) ) )
wc consider the thatch and grass blades are mixed anti donot Figure S. The e.ﬂCCt of topography on SAR data: (a) varia
C tions of local incidence angle from radar look angle over an
form two distinguished layers. . o 7 - .
arbitrary range line in the image and (b) radiometric correc-
tion over the same range line.

The backscattering coeflicients from the canopy are ob-
wined by using distorted Born approximation (PDBA)[/.ang
and Sidhu,1983)- By employing this technique, tile expression
for the radar backscattering coefficient reduces to the soil ser.
face and vegetation contributions.

Reference plane

Local Incidence Angle (degree)

Figure 4. Changes of local incidence angle in the AIRSAR imaging geometry of AIRSAR over a topo-

graphically varying surface.
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Grass blade

Figure 6. Geometry of scattering modecl for layer standing grass and thatch over rough soil surface. Grass

blades arc modeled as long ellipticalthin disks.

0 0 0
‘canopy = Oveg + O it (3)

According to the model the vegetation contributioncanbe
further decomposed to severa scattering mechanisms among
which the volume and surface-volume interactionterms play
the dominant role. ‘I’he vegetation component can thcrefore be
written as

Toeg = Toor T Tt vot )
Depending on the type of vegetation canopy, the weight of
each term in the total backscatter mayvary. For example, for
soybean canopies, because of the orientation and density of
leaves the volume scattering term is dominant. Whereas in
grass canopies, due to the vertical orientation of blades or
stalks, respectively, the surface-volume scattering teri contrib-
utes significantly to the total backscattering coeflicient.

The analytical expression for each individual contributing
term is given in terms of size and distribution of the vegetation
components (scatterers) in the canopy and their relative per-
mittivity [Saatchi et al., 1994]. The backscattcring coeflicients
also depend on the incidence angle and the polarization of the
transmit and receive radiation. To simulate the SAR data over
vegetation canopies, the copolarized (HH and VV) and cross
polarized (HV) are calculated. The objective is to investigate
the impact of canopy water content variations (being due to
either the changes in thatch water content orthe vegetation
growth) on the SAR backscatter data. We only concentrate on
the results of the modelsimulations and refer the reader to the
above mentioned references for detailed description of the
model.

To simulate the SAR data, wechooseaset of parameters
which arc typical for grass canopies under investigations. These
parameters are estimated by using data obtained from field
measurements during FIFE. Table 2 summarizes the model
input parameters and their numerical values fot the Konza
Prairic grass canopies. For burned grasslands (no thatch) the
parameters of the thatch layer are set to zcro. The angle
orientation of grass blades are defined by a probability distri-
bution function which assumes that grass blades arc oriented

uniformly between 0° and 40° from the z axis. This distributio
function is used for all model simulations in this study.
Toillustrate the effect of the thatch layer and the gener:
behavior of the radar backscatter signal with respect to th
incidence angle, backscattering coefficients are plotted for a
polarizations atl.-band and C-band frequencies in Figure 7
and 7b,respectively. The volumetric soil moisture content use
in tbc model simulations is 10%. Figure 7a shows that th
radar response to the thatch layer at |.-band frequency is neg
ligible and the backscatter signal is mainly due to the scatterin
from the grass blades and the soil surface. in fact, by analyzin
various scattering components atL band, we find that the mos
significant contribution to the total backscatter is duc to th
soil surface scattering. The vegetation scattering contributio
becomes important only at high incidence angles (greater tha

Table 2. Model nput Parameters

Parametes value

Grass
Blade major axis, cm 40
Blade minor axis, ¢cm 2
Blade thickness, mm 0.2
Layer thickness, cm 50
Blade density, (#/mz) 900
Blade permittivity (1 -band) 202 + i6.7
Blade permittivity (C-band) 16.7 -1i5.4
71101
Water droplet radios, cm 1.0
Droplet thickness, mm 0,05
Droplet density (#/m?) 2.0 x 10°
Droplet permittivity (1. band) 83.2 +i7.¢
Droplet permittivity (C band) 72,0 + i28.
Soil

Surface rms height, cm 1.0
Surface corr. length, em 5.0
Surface permittivity (L. band) 5,72 +i0.15

Surface permittivity (C band)

sb57 + i0.62
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and (b) Cband.

21 As a result, the 1.-band backscatter data will be more
suitable for monitoring moisture anti roughness variability of
the surface in grass canopies than vegetation parameters. AtC
band, however, the moisture stored in the thatch layer makes
the layer more absorptive and attenuates the incoming anti
scattered waves in the canopy. This attenuation reduces the
backscatter signal for vi and HV components, For VV com-
ponent the effect of the [batch is significant oniy for near-na(Jir
incidence angle. As the incidence angle increases, the vertically
poelarized meanwave inside the canopy becomes parallel to the
utuss blades which in turn produces more absorption from
grass blades than water droplets.

In the next example the surface, volume, and  surface-voiulnc
contributions a C band are plotted (Figure 8). Itis found that
because of the shape and orientation of grass blades the dom-
inant scattering mechanism from the grass layer is the surface-
volume interaction, The volume scattering term becomes com-
parable a higher incidence angles where the attenuation duc
to vegetation reduces the surface-voiume interaction compo-
»nts, The direct surface contribution becomes important in

-30 _I,IJAL‘IJALLJPUJ_l"_J_LLLPJILI*lLIA} u_n.l,uu
O 10 20 30 40 50 60 70 80
Incidence Angle (degree)
Figure 8. Illustrations of scattering mechanisms contributing
to the total backscattering cocflicient for (a) HH polarization,
(b) HV polarization, anti (¢) VV polarization.

the copolarized terms, whereas for cross-polarized return, this
component is small because of the very small depolarization at
the rough ground interface. Note that both the surface scat-
tering model (small perturbation method) and the DBA are
approximate single-scattering theories and may produce lower
absolute values for cross -polarized backscatter terms. To Sim -
ulate the correct absolute level of the cross-polarized backscat-
ter, the model can be improved by including the second-order
m~iitipie-scattering interactions [Saatchi et al., 1994; Karam et
al., 1992].

The effect of the canopy water content on tbe backscatter
radar signalis illustrated by varying the canopy parameters
(e.g., density anti size of grass blades) in the model in order to
simulate different states of vegetation growth. Calculation of
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[his parameter in the model is conducted by using ancmpirical
expression introduced by Schmugge and Jackson |1 992].

W ( puVm, + puVoam wd 6)

canopy

where W ..., is the net canopy water content (grass plus
thatch) in kilograms persquare meter (kg/m?). The total water
in the canopy is written in terms of the grass and thatch pa-
rameters. The parameters are identified by subscript b for
blades and wd for water droplets in the thatch. in (5), p, V, m,
and d stand for density of scatterers (#/m™), volume of a singie
scatterer (m*), moisture content of a single scatterer (kg/m'),
and the canopy height (m), respectively. The values of m,,~
0.5and m = 0.8 arc used in empirical models to calculate
the diclectric constants of blades and water droplets [Ulaby and
Efl-Rayes, 1987]. Note [hat in (5) wc have assumed that the
grass and thatch water droplets occupy a single grass layer with
thickness d. In reality, as described in section 3, the thatch
layer is oftenformed under the grasslayer covering the soil
surface. However, since we arc interested in the bulk quantity
of the water in the canopy, wc have assumed grass blades and
water droplets are mixed in onc layer.

Figure 9 shows the C-band backscattering coeflicients Hi |
and HV for 40° incidence angle in terms of the canopy waler
content. In both cases the backscatter cross section increases as
the amount of water in the canopy increases. For a cross-
polarized term this increase in the backscatter signal is con-
tributed through the surface-volume interaction term.
Whercas in the case of the copolarized cross section (including,
VV), both volume and surface-volume terms arc important.
The level of the backscatter signal in both cases is aso deter -
mined by thc soil surface parameters. For bumned ordryun-
burned conditions where the effect of the thatch is removed the
predicted radar backscatter signal is higher than unburned wet
canopies, In this case, a direct extraction of the water content
from the absolute value of the backscatter datamay result in
wrong quantities. Inthe next section we introduce a comb ina-
tion of backscattering coeflicients which reduces the impact of
thatch and soil parameters on the estimationtechnique.

Model Validation

The £grass canopy model discussed inthissection has been
validated by usingscatterometer data over the Konza Prairie
grassland by Sante/ij eral. [1994]. SAR backscatter data arc
extl-acted from the areas where ground measurcnents are
available, Table 3 summarizesthc canopy characteristics ex-
tracted from the FIFE Information System (FI1S)[Sellerser al.,
1992]. These parameters have then been trandated into input
parameters necessary to run the model. Note that since at each
test plot only canopy andlitter wetand dry biomass, canopy
height, and soil moisture are given, we arc not able to set al
the input parameters in thec model. However, by assuming that
the gcometry of the grass canopy is fixed and only the number
density, canopy height, and the moisture change, we can pre-
dict the backscatier data with reasonable accuracy.

I’able 4 shows the SAR-extracted data and the modeling
results, The measured backscattering coeficientsat (' -band
frequency are averaged OVer an area of 5 5 pixels. For both
HI and VV the comparison between the theoretical and the
measured backscattering coefficients is satisfactory (within 2
dB). The HV term, however, is underestimated by the model
for all test plots. This error can be attributed to three factors:
(1) the single-scattering theory used in the model for ground
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Figure 9. Illustration of backscattering cocflicients due to
changes in canopy water content at C band and incidence angle
of 40° for (a)HII polarization and (b) HV polarization.

andvege tation scattering is not a good approximation and a
rnultiplc-scattering theory is needed for a reasonable predic-
tion of the 11V terms;(2) the errors duc to the radiometric
calibration of the HV channel of the SAR systemisless accu-
rate than the copolarized terms; and (3) the pixel locations of
the test plots cannot be identified exacty on tbc SAR image. In
addition, the heterogeneity of the surface is not taken into
account in the model; thus the 5X Saveraging of the SAR data
may cause more discrepancy between model results and SAR
data. Nevertheless, the comparison indicates that given all
uncertainties in field measurements and model input parame-
ters, the model simulation is reasonably close to the measured
data.

5. Inversion Algorithm

Having established the fact that both the copolarized and
cross-polarized radar cross sections are sensitive to grass water
content and/or biomass changes, wc explore the possibility of
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Canopy Information Extracted From Flux Silts

Soil

Grass litter
“e Soil
We [ Dry W' Dry Canopy Moisture.
Biomass, Biomass, Biomuiss, Biomass. Height, Top 2.5
Station g/m? g/’ g’ g/m’ cm cm
900 5847 270.3 19.6 149 29 258
910 27231 1535.1 289.8 2194 45 33.6
911 681.2 357.7 4.7 39 35 29
916 448.7 2333 2s.9 2201 19 352
121.8 13.1 9.6 13 279

944 350.(,

Co estimating the grass water content over the FIFE study area by

using the SAR data. In this section we develop an inversion
algorithm based ou a cross-polarized backscatter model which
isa simplified version of tbc modeldescribed in the previous
section. AS mentioned earlier, the most significant scml(‘ring
mechanism incross-polarized radar return over grass canopies
‘isthe surfact’-volumc scattering component. This component is
also dependent on the soil surface moisture content and rough-
ness. The expression for this term is quite complex and in -
cludes many modcl inpot parameters [Saatchi et al.,1991]. in
fact. for this reason, analyzing the backscatter return over
nawral grass canopies is more involved than other structured
agricultural crops.

Onc wayof estimating canopy parameters of grasslands is to
use a nonlinear inversion algorithm based on optimization
techniques (e.g., least squares) in conjunction with theback-
scatter model and as many channels of the SAR data as pos-
sible [Moghaddam and Saatchi, 1993]. In this paper, however,
we develop a more direct approach to estimate thecanopy
water content with only the SAR C-band polarimetric data

Irom modeling exercises of the previous section we have
learned that the Hiland VV backscattering coeflicients arc in
good agreement with SAR data. Whereas the HV backscatter
is undcrestimated by the modelfor reasons discussed carlict.
Furthermore, both terms arc alsoa function of the soil surface
parameters. The results illustrated in Figure 9 also indicste
that even thoughthere isa one- to-one relationship between
backscattering coeflicients and the canopy water content, the
presence of wet thatchin grass canopics may cause an errorin
<.:2rmining the canopy water content from the absolute value
of e backscatter. The presence of wet thatch makes the
canopy more absorptive and reduces the backscatterlevel
while the canopy water content has increased.

To eliminate the eflcet of the soil surface contribution] and
the thatch, we study the cross-polarized ratio of the HV over
HH backscattering coeflicients. Figure 10aillustrates this ratio
a C band for three levels of surface moisture. This ratio

appetrs to beindependent of the surface soil moisture and
varies nonlinearly with respect 10 the canopy water content.
For values higher than 1.8kg/m” the ratio saturates and is no
longer a unique function of the canopy water content. Inre-
lating the cross-polarized ratio to the canopy water content, wc
have aso taken into account the effect of thatch. Therefore
onc merit of this ratio is that it can be applied equally over
burned and unburned canopics.

Another parameter whichinfluencesthe cross-polarized ra-
tio is the surface roughness. Figure 10b shows the changes of
the cross-polar ized ratio for threelevels of the surface rough-
ness. The eflect of the surface roughness appear-s when there is
no vegetation (water content less than 150 g/m-). This result
agrees with the findings of Oheral.[1992] from rough surface
modeling and scatterometer observations. For bare and low
vegelated surfaces, cross-polarized ratio increases asthesur-
face nins height increases. However, over vegetated areas and
at higher fiequencies (C band), as soon as the vegetation
biomass or water contentincreases, the cross-polarized ratio is
no longer determined by the surface roughness.

By examining tbc analytical expressions for the numerator
and denominpator of the Cross-polarized ratio, we can simplify
the ratio to the following approximate expression:

0 - - i
UHI' 1 - e (7= T y
= oyl - e TH

T T~ T (6)
where 11 anti V arc the horizontal and vertical polarization of
the incidence and scattered fields, respectively, 7, and 7 are
the attenuation cocflicient of the canopy for H and V polar-
izations,and d is the canopy thickness.

The attenuation coceflicient shows how fast the incidence and
scattered waves attenuate while propagating through the can-
opy which, in this case, consists of grass and thatch. The coef-
ficicnty isa scattering factor which is a function of grassblade
and thatch parameters, backscattering amplitudes averaged
over the size and oricntation distributions, and the density of
scatterers. Both the attenuation coeflicientand the scattering

Table 4. Comparison of SAR Backscatter IData With Grass Model Simulations

SAR Data (C band)
HI, VvV,
Station dB dB
906 -8.3 -10.9
910 -99 -128
911 -8.9 -13.2
916 -10.7 -135
944 -84

-12.9

Model Simulation

v, HI1I, Vv, HY,
dB dB dB dB
-20.4 -9.8 -12.3 ~27.6
- 16.1 -8.1 - 11.6 -19.9
- 18.8 -10.2 -14,3 -28.0
-21.0 -11.0 -14.8 -30,0
-20.8 -9.9 -13.0 -27.3
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Figure 10. Illustrations of cross-polarized backscatter ratio
versus canopy water conte it due to (a) changes in the sutface
soil moistureand (o) changesin surface roughness parameters
(1, correlationlength; s, rms  height).

factor y depend on the diclectric constant of scatterers which
in turn is related to the canopy water content,

Torelate the various components of the radar backscattet
model in (6) to canopy parameters, we start by examining the
relation between the attenuation coeflicicnt and the canopy
water content according to the DBA backscatter model. This
relation can be expressed as

_27(puy iM {f) A4 pyim d)
- k cos 6

where kis the propagation constant of the incidence wave, p,,.4
and p, arc the density of the waterdroplets and blades in the
canopy, {f’*) stands for the ensemble average of the forward
scattering amplitude for polarization P €{/I1,V}. The for-
ward scattering amplitude in the physical optics approximation
is proportional to the square of the propagation constant and
canbe written as a function of the scatterer size, orientation,

(7)
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and diclectiic constant(see Appe ndix). By some mathematical
manipulationitcanbereadily shown that the optical thickness
(attenuation coeflicient times canopy thickness) canbe rewrit-
ten in terms of canopy water contentl’ (the same asi¥ )
as follows:

T.d = kB, H sec (8)
where %, is a frequency independent quantity and is a function
of the canopy type [Schmugge and Jackson 1 992]. From t he
analyticalform of the scattering amplitudes it is obvious that
(8) cannot be derived mathematically and it can be considered
as a senmicempirt jcal formula which relates the atten uation
through vegetation to the amount of water in the vegetation
(Ulaby et al.. 1980 The constant B, for /1 polarization has
been estimated for various vegetation canopies from measure-
ments of the optical thickness by Schimugee and Jackson [ 1992].
They found that for many types of agricultural crops this value
can be approximated by a single constant. For grass canopies
however, this assumption was no tonger valid. They attributed
this discrepancy in” grasslands to theeflect of the thatch
buildup. From the modeling excrcises that have been pre-
sented here, we conclude that in addition to the effect of
thatch, the gecometry of [hc canopy, which causes the surface-
volume scattering contribution, is also a significant factor.

Thenumericalvaluesof B, for H and V polarizations can bc
obtained fiom model simulations. To estimate ¥, first wc
compute the canopy water content from canopy parameters.
The water contentH is tbe difference of the wet biomass and
dry biomass of the canopy and can beexpressed in terms of the
plant parameters as in (s). Byvusing(8) for the optical thick-
ness, we Can predict the general behavior of B, over a range of
incidence angles. This behavior is similar to the analytical cx-
pression given in the Appendix and it indicates that over a
range of incidcnce angles (30"- 50 °), B, canbe  approximated
by a constant. The constants for horizontal and vertical polar-
izations arc B,; = 0.0084 and B,, . 0.0036, respectively,

Next, wc determine the functional dependence of the scat-
tering factory in terms of frequency, incidcncc angle, and
canopy water content. By normalizing the cross-polarized ratio
in (6) by e /9 (1- ¢ (= Ty ( 7, Tv)and using a least
squarcs fit to the remaining function.we find the following
functional dependence for -y:

. AW? 9
Y oy (9
where Aisafrequency independent constant which serves a
dust purpose in this formulation. On the one hand, it adjusts
for the absolute cdibration error that might bc present in the
SAR data for the cross-polarized termand, on the other hand,
it compensates for the absolute error in the DBA model for the
cross-polatized terms by not taking into account the multiple-
scattering contributions. Since the calibration error is assumed
small, A can bc estimated by forcing (6) to fit the model
simulations provided that the second-order multiple-scattering
contributions are included in the formulation [.ang and Saat-
chi, 1993; Karam et al., 1992]. For a singtc-scattering model, A
= f).14, and for nlultiplc-scattering adjustment the value Of A
is estimated to be 1.62 over 30°-500 range of incidence angles.
By combining (6), (8), and (9), we can rewrite the cross-
polarized ratio as

0
Oy

0 = 3.05 W Cos 6 ( 1 - o " OSBRI sec B)(?- 00084617 sec w

O (lO)
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Figure 11. Comparison of simplified and original simula-
tions of cross-polarized ratio with respect to canopy water
content. The corrected ratio includes the second-order multi-
ple-scattering factor.

I‘lqualion (|f)) approximates the functional form of the cross-
polarized ratio with respect to the canopy water content. Fig-
ure 11 shows the original cross-polarized ratio, the simplified
and corrected versions. The simplitied and corrected curves
correspond to the single-scattering (4 = 0.14) and multiplc-
SCat tering cases (A= 1.62), respectively. The corrected case
isused to retrieve the canopy water content W.

Having established a simplified model for the cross-
pciirized ratio, we shall now invert the model as given in (10)
to estimate the canopy water content. As discussed earlier,
because of the roughness of bare surfaces, similar values of the
cross-polarized ratio can be measured by the radar. Therefore
the estimation of the canopy water content is only meaningful
When bare and vegetated surfaces arc separated. To achicve
this objective, we use the copolarized backscatter ratio of HI |
over VV. From radar observation and modeling results (SPM)
itis found that for the range of incidence angles 30°-50°, the
corolarized ratio is less than 1 over bare rough surfaces and
g <«ter than or equal to 1 for vegetated surfaces [Ohet d.,
1992). Figure 12 illustrates the changes of the copolarized ratio
in terms Of the canopy water content. As the water content
exceeds 150 g/m’, scattering from vegetation dominates and
the copolarized ratio becomes an indicator for separating the
bare soil surfaces from vegetated surfaces.

The procedure for estimating the canopy water content
therefore involves two steps: first, the copolarized ratio is used
to identify the vegetated surfaces, and then the cross-polarized
reiiois used to directly invert (10). As an example for the
model inversion, we use the polarimetric data extracted from
the SAR image over the test plots and estimate the canopy
water content by directly inverting (10). Table 5 gives the SAR
data and the measured and estimated canopy water contents.
The measured quantities are obtained by adding the differ-
ences of wet and dry biomass of grass and litter in I'able 3. We
used the site coordinates (latitude and longitude) and the

AIRSAR navigational Global positioning System information
tr-approximately locate the sites on the image and then used a

SAATCI11 ET AL ESTIMATIONOF CANOPY WATHR CONTENTFROMSAR 25493
Oy~ 7T T dp o T 1
1 C-band K - ®and 4 |
-3 (Mzgl e T 3T sm= 10%
—— y : ' 0=40° e
Ao s I el > ] LAt
: 20 s | ./
g FEREYSUntT RN I IR ;
5 — / /é \ﬁimpliﬁed ] N2 ’/
E -20 il g 04—
B 25 / B
O i v
- B0 T ’ / 2D e R ek
35 o PRV B
"}04 . ’ 4= :J;J idi SR
0.01 0.1 1 10 0 11 i 10

Canopy Water Content (kg/m")

Figure 12. |llustration of copolarized ratio versus canopy wa-
ter content.

5 X 5 pixel average around the center location of the site to
extract the mean and variance of the SAR-backscattered data
The averaging over 5 x 5 pixels helped to reduce errors due to
the misregistration and provided areas large enough for com-
parison with the field measurements over the test plots.

For test plots 906, 911, 916, and 944 the values for canopy
water content are close to the threshold value that separates
bare and vegetated surfaces for the C-band radar. The estima
tion errors for these plots arc larger than plot 910 which has
denser vegetation. The average estimation error from all sites
isapproximately 16%. Since there is no accuracy requ irements
set for vegetation parameters during the F1FE experiment, and
we do not have access to any senditivity analysis of models (e.g.,
hydrological or soil-vegetation-atmosphere interaction mod-
els) that require canopy biomass or water content as an input,
arigorous assessment of the estimation accuracy cannot be
achieved yet. Nevertheless, we compared our result with the
natural variability of the canopy water content for the FIFE
site by obtaining the mean and standard variation of the can-
opy water content mcasurcments for each test plot over the
entire pjpp study area The percent coefficient of variation
(ratio of standard deviation over mean) is plotted against mean
canopy water content in Figure 13. The scatterplot suggests
that the natural variability of vegetation is high during the early
period of the growth, due to the patchiness of the grass, and
less when the grass is fully grown. Nevertheless, the field mea-
surcments seem to illustrate that the standard deviation of
grass water content on the ground is much higher than the
error in the estimation. This implies that the estimation results
fall within the range of the water content measured for each
field. A better understanding of the accuracy of the results
requires more test plots within the area covered by SAR image.

The agorithm is aso applied over the entire image to esti-
mate the canopy water content variations over the FIFE study
arca and to examine the large-scale operational capability of
the agorithm. Plate 2 shows the color-coded image of the
estimated canopy water content. The color assignments are
chosen based on a linear scale and are illustrated at the bottom
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Table 5. Measured Quantitics Usedin the Inversion Algorithm and Compar ison of

Measured Estimated Canopy Water Content

(o}, vy, ) stdod vt
Station dB dB
906 12.0 2.06
910 -5.18 1.58
911 - 0.88 171
916 10.2 1.63
944 -12.4 1.94

of Plate 2. Pixels which are coded by purple. blue, and white
correspond to areas of agricultural fields and dense woody
biomass. Overall, it seems that the water conteut values over
tbc site arc lower than average for this region. Thisis due to
the fact that 1988 and 1989 were considered dry years with
moderate to low vegetation growth compared to previous
years. Comparison of the results with the vegetation cover map
of the site shows that regions that have been grazedand/or
burned recently can be readily identified in the canopy water
content image [Davis et al., 1992].

The image displayed in Plate 2 demonstrates the usc of the
SAR data for mapping and monitoring spatial or temporal
variability of biomass over grasslands. The result aso corre-
sponds to tbc TM and SPOT NDVI (normalized difference
vegetation index) obtained on August 4, 1989, a dav after the
ATRSAR measurement [Fall er al., 1992]. A visual comparison
of the canopy water content derived from the SAR data and
the vegetation index obtained by optical satellite measurc-
ments suggests that the two techniques are complementary and
can be used in a synergistic fashion to monitor vegetation
parameters over a large area and reducing the limitations in-
posed by either onc considerably [Asrar et al., 1986].

6. Conclusion

In this paper we have shown that the SAR data can bc used
over grasslands for mapping surface parameters. Using C-band
AIRSAR imagery, we were able to estimate the canopy water
content over the Konza Prairie grasdands. Theinversion tech-
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Figure }3. Percent coefficient of variation of the canopy wa
ter content derived from the vegetation field mcasurements
from all the test plots over the FIFE study area during the 1989
field campaign.

ol /o, Estimated Measured
aB W, e/m- W, g/m-
0.462 275 309,1
L.79 1150 12584
2.135 380 3245
0.67 355 221.4
225

0.96 265

nique developed in this study follows a systematic procedure:
to (1) correcting the SAR data for topographic eftects, (Z
developing a backscaticr model for grass canopies, (3) valida
ing thc model ami simplifying the formulation for a dires
inversion, and (4) estimating the canopy water content over th
FIFE study area The major results 01 this study aresumms
rized as follows:

1. The topographic correction of the SAR dataindicate
that even over smallto medium relief areas, variations of th
surface elevation can cause errvors in the radiometric calibrs
tion of the SAR data by changing the eflective scattering arc
and the antenna pattern pointing,

2. Backscatter modeling of grass Canopies Suggest that sur
face-voiomc scattering mechanism is dominant in cross
polarized return and contributes significantly in the copola
ized return. This scattering mechanism carries informatio
about the soii surface and vegetation canopy.The cross
polarized ratio, however. is independent of the surface so
moisture anti is a function of the canopy water content fc
values above 150 g/m”? when the surface roughnesseflect,
reduced considerably. The copolarized ratio is also a functio
of the canopy water content and surface roughness and can b
used to separate the barc and vegetated surfaces. In genera
this ratio is less than1for bare surfaces anti greater than 1 fc
vegetated  surfaces.

3. A simple modelhasbeen developed to relate the cross
polarized ratio to the canopy water content. This model ha
been employed for the retrieval of the canopy water conter
from the polarimetric SAR data at C band. The inversio
algorithm has been implemented over tile entire SAR image
and a map of the canopy water content over the FIFL: stud
area has been obtained, The SAR-retrieved canopy water cor
tentagrees with field measurements. However, the accuracy ¢
tbc results cannot be assessed for two reasons: (1) there arc nc
enough test plots within the region covered by the AIRSAL
and (2) the requirements for tbc accuracy of this for any of th
hydrological or ecosystem models, to our knowledge, are nc
established yet.

4. For iow vegetated areas the estimation of the canop
water content from the inversion agorithm is erroncous. Thi
is due to the fact that scattering from the soii rough interfac
dominates the total backscattering cocflicient. To improve th
accuracy of the estimation over these areas, other channelsc
the SAR system, radars with higher frequency of operatio
(e.g.,X band), and optical remote sensing data can be used.

Appendix

In toc backscatter model discussed in sections 4 and 5,th
optical thickness is given in terms of forward scattering ampli
tudes of grass blades and water droplets. The canonical shape
used for blades and water droplets are thin disks. Since thcs
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Plate 2. Canopy water content retrieved from C-band SAR data over Konza Prairic grasslands by using
copolarized and cross-polarized information andth¢ inversion algorithm.

disks are electrically thin at L-band and C-band portions of the
Spectrum, quasi-static techniques can bcusedtofindapprox:
imate expressions for the scattering amplitudes of the scatter-
crs. For a thin elliptical disk (the major and minor axis Of the
disk arc large compared to its thickness) the scattering ampli-
tude for a general bistatic direction can be expressed as
foal0 0y = 100,080~ 1) (A1)

Pq

where f;f,,(('),i) is the low frequency or dipole approximation
for the thin disk and §(6 - i) is the Fouricr transform of the
shape function Of the disk [l.eVineet al., 1985]. ror the thin
disk the low-frequency approximation factor is given by

(A 4y —
0y ) = -

47

ke, = T [(p (A2
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where it is the unit vector normal tothesurface of the disk and
pandq arc the polarization vectors for the scattered and
incidence fields, respectively. The shape factor, $(6 i) i s
given in terms of the Bessel function of the first order[Saatchi
et al.,, 1994], For the forward scattering amplitude (4 =7) the
shape factor reduces to the area of the disk. Fquation(A2)
also reducesto a simple expression in the forward scattering
direction by using the horizontal and vertical polarization vec-
tors. After simplification the forward scattering amplitude for
thin disks can be written as

ke, - DV -1
fm': ' Ry 1-- (h-p)°

. (A3)

where V is the volume of the scatterer. The above equation can
be simplified further by assuming that (e, -- 1 )/.zz 1. This
approximation!$ valid for green lcaves since for a wide range
of frequencies (including C band), the rea part of the dielec-
tric constant €,is large compared to 1. By this assumption the
guantity inside the brackets becomes independent of frequency
and the size of scatterers.

When calculating the optical thickness inside the canopy, the
forward scattering amplitudes of the canopy components arc
averaged over the orientation distribution. By using the expres-
sion (7) and including only onc type of scatterers, wc can relate
tbc optical thickness to the canopy parameters using (A3).

kpV 1m (e, - 1)
T Ty dose L (Mp))] (A4)
where Im (*) stands for the imaginary part and () indicates the
ensemble average. By comparing the form of (A4) with expres-
sion (8), we notice that the quantity inside the brackets is equal
to the frequency independent B,. The quantity Im(e, - 1)is
directly related to the volumetric moisture inside the blade.
The relationship between the dielectric constant and the leaf
moisture is nonlinear [Ulaby et al., 1986]. In this study uc have
assumed a linear relationship between the Im(e, - 1) and the
volumetric moisture inside the grass blade.
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